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Introduction
Beck introduced the idea that thinking or cognition was abnormal in depression and that negative self-evaluations, expectancies and memory played a key role in depressive illness (1) . Since that time, many studies of people with depression have supported his hypotheses (2) .
Studies of cognition and depression have tended to use self-report questionnaires that ask participants to self-rate how they might habitually respond to interpersonal or other events (3) . This approach has several limitations. It relies upon a conscious judgement so is susceptible to a moodcongruent response bias (4) . Depressive symptoms may therefore decrease the reliability of selfreported cognitive processes and experiences (4) . It also restricts investigation to conscious thoughts and behaviours.
More recently there has been investigation of tasks that assess attention, perception and memory more directly. These tasks measure automatic or implicit cognitive processes, which may influence thoughts and behaviours without conscious awareness (5, 6) . Investigating these more basic cognitive processes could provide insights into brain mechanisms that might underlie depressive symptoms and the 'higher-level' cognitive phenomena that are apparent in clinical practice.
Studies assessing automatic cognitive processes have found that differences between people with and without depression often centre on emotional or affective information that has a 'value', either positive or negative, and is therefore concerned with reward and punishment. Findings are inconsistent, but there is some evidence that people with depression are more sensitive to punishments (including social criticism) and less sensitive to rewards (including social appraisal) (7) . For example, studies report faster more accurate recall of negative than positive information in people with depression compared with healthy controls (8) (9) (10) (11) . This has supported Beck's idea of a 'negative information processing bias'.
However, a few studies have suggested that depression might be characterised by reduced positive processing rather than increased negative processing (12) (13) (14) . This supports the idea of an 'optimism bias' (15) , that mentally healthy people are unrealistically positive and this 'positive bias' reduces as depressive symptoms increase. So, although people with depression appear more negative, it is unclear whether this is because they are more likely to attend to or remember negative information or less likely to attend to or remember positive information, or whether both are occurring. A better understanding of the cognitive processes underlying depression would improve our understanding of the condition, and influence the delivery of psychological therapies such as cognitive behavioural therapy (CBT).
The majority of previous studies have been case-control designs using small student or clinical samples. The small samples used in previous studies could alone explain inconsistent findings in this area. However, case-control designs are also more prone to selection bias than cohort designs, unless controls are recruited from the same population as cases. If they are not, the distribution of the exposure in cases relative to controls is likely to differ from the distribution in the target population, which would produce a biased effect estimate (16, 17) . We are only aware of one case-control study that was designed to minimise this type of selection bias (18) . Case-control studies also preclude an examination of how automatic cognitive processing varies according to the severity of depressive symptoms. An alternative strategy would be to recruit from a single population who have been depressed but who now vary in their depressive symptoms, and study the full range of depressive symptoms. Depression is best viewed along a continuum so this design would allow the severity of depressive symptoms to be investigated in relation to automatic cognitive processing (19) .
Another limitation of existing evidence is that, to our knowledge, there have been few longitudinal studies. Existing longitudinal studies have used small samples often recruited from student populations, and results are inconsistent (12, (20) (21) (22) . Whether alterations in positive/negative processing precede or follow depressive symptoms is therefore unclear. Antidepressants result in improved memory for positive words within a few hours of taking them, and before any clinical response (23) (24) (25) . This is circumstantial evidence that information processing changes might precede changes in mood.
In this study, we used a large (N = 558) prospective longitudinal cohort of people who had presented to UK primary care surgeries with depression in the previous year. To broaden inclusion criteria, participants were selected if they had reported depressive symptoms, disorder or depressed mood. We tested concurrent and longitudinal associations between depressive symptoms and memory for socially rewarding (positive) and socially critical (negative) information, as a measure of automatic emotional processing.
Method

Participants
The sample was recruited from primary care surgeries in three UK sites (Bristol, Liverpool, and York). The primary aim of the study was to examine the relationship between self-reported improvement and scores on standardised assessments of depression. This study is a secondary analysis. Computerised records were searched at each site to identify people who had reported depressive episodes, depressed mood, depressive symptoms or a major depressive episode in the past year. Individuals were included if they were aged between 18 and 70 years, treated or not treated with antidepressants and referred or not referred to improving access to psychological therapies (IAPT) services. We excluded people who were diagnosed with bipolar disorder, psychosis or an eating disorder; had alcohol or substance use problems; were unable to complete study questionnaires; or were 30 weeks or more pregnant. The remainder (N = 7721) were sent an information letter in the post, and 1470 (19%) replied. Of these, 821 (55%) were willing to be contacted, 23 (3%) of whom were ineligible. The remaining 798 were contacted to arrange an interview, and 563 (71%) consented. Interviews were conducted at four time-points, two weeks apart, at the participants' home or GP surgery. At time one, 558 people provided data (five could not be contacted), and at follow-ups two, three, and four: 476 (85%); 443 (79%) and 430 (77%). All participants provided written informed consent, and ethical approval was obtained from NRES Committee South WestCentral Bristol. The authors assert that all procedures contributing to this work comply with the ethical standards of the relevant national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008.
Measures
Depressive symptoms. The Beck Depression Inventory (BDI-II) (26) is a 21-item self-report measure of the severity of depressive symptoms and was completed at times one, two, three and four. Scores ranged from 0 to 58, with higher scores indicating greater severity. Internal consistency was high at each time-point (Cronbach's alpha ranging from 0.93 to 0.95). The Clinical Interview Schedule Revised (CIS-R) (27) was administered at baseline (only) and can be used to derive diagnoses of current depression based on symptoms occurring in the past week, according to the International Classification of Diseases (ICD-10).
Memory for socially rewarding and socially critical information. This was assessed at times one, two and three, using a computerised task administered by researchers at the participants' home or primary care surgery. At each time-point, twenty likeable (e.g. cheerful, honest and optimistic) and twenty dislikeable (e.g. domineering, untidy and hostile) personality characteristics were presented on a computer screen in a random order (each word was presented for 500 milliseconds) (23, 28) . A different set of words was presented at each timepoint, and words were randomised within timepoints (120 words in total). Words were matched according to length, ratings of usage frequency, and meaningfulness. After each word, participants indicated whether they would 'like' or 'dislike' to overhear someone describing them in this way (by pressing a key on the keyboard), so the task was socially and self-relevant. At the end of the task, participants were asked to recall as many words as possible in 2 min. This was a surprise recall task (at the first time-point), to test incidental memory. The number of positive and negative words accurately recalled (hits), and the number of false responses (intrusions) were computed.
Confounders. Demographic variables that were associated with depression and recall ability were ascertained by self-administered computerised questionnaire at baseline (the CIS-R). The CIS-R was administered by researchers at the participants' home or primary care surgery. Confounders were age, sex, education level and negative life events, based on evidence that they were associated with both recall and depressive symptoms and could therefore be common causes. Negative life events were assessed using eight items which included bereavement, separation or divorce and illness or injury. A binary variable was created (0 = one or none; 1 = more than one). Education was rated using seven categories ranging from 'no qualifications' to 'higher degree', higher values indicating higher education levels. A binary variable was created (0 = lower education, 1 = higher education). We also adjusted for antidepressant use at times 1-3 using a binary variable (0 = not taking antidepressants, 1 = taking antidepressants).
Statistical analyses
Concurrent associations. Linear multilevel mixedeffects regression models (LMMs) were used to analyse concurrent associations between positive and negative hits (continuous exposures) and depressive symptoms (continuous outcome). Analysis of repeated measures data using LMMs allows the use of all available data and increases the precision of estimates. Positive and negative hits were included in the same model to adjust for recall ability. Models are presented before and after adjustment for confounders. We also tested a Poisson multilevel mixed-effects model using number of words (positive and negative) correctly recalled as the outcome variable, and depressive symptoms and valence (positive or negative) as exposure variables. This allowed us to test for an interaction between depressive symptoms and valence, to establish whether the association between positive recall and depressive symptoms was stronger than the association between negative recall and depressive symptoms. This model was run before and after adjustment for confounders.
Longitudinal associations. We computed longitudinal trajectories for positive and negative recall and depressive symptoms, to create a multilevel joint model across period-lagged occasions (29) . Advantages of this approach include use of data from all time-points and acknowledgement of the correlated nature of repeated measures (30) . It is particularly useful when there are missing values and measurement error. The recall variable was the proportion of positive hits (of the total number of positive and negative hits), modelled on a standardised scale; one standard deviation corresponded to 14% positive words recalled. Similarly, depressive symptoms were modelled on a standardised scale, one standard deviation corresponded to 14 BDI points. Each trajectory included a linear random intercept and slope (random effects) that captured between individual variation around average baseline levels and change (31, 32) . Random intercepts are interpreted as individual latent baseline levels. Random slopes are interpreted as individual change over time ( Figure S2) .
Estimation of the variance-covariance matrix at the individual level allowed us to perform post-estimation calculations. These quantified conditional expectations for depressive symptoms as a function of individuals' previous recall and changes in recall and vice versa (recall as a function of depressive symptoms, to test the reverse hypothesis that depressive symptoms precede changes in recall). Estimation was carried out by Markov Chain Monte Carlo (MCMC) using WinBUGs (33) . Convergence, based on statistical criteria, was achieved within 50 000 iterations (34) . Posterior summaries were based on 100 000 samples over five chains with different starting values, and after discarding the first 200 000 samples. This allowed us to arrive at estimates with Monte Carlo error less than 5% of the sample standard deviation for all parameters (34) . Stochastic simulation through MCMC allowed us to compute Bayesian full posterior distributions of effects as opposed to summaries, for example, means and standard errors under assumptions of normality derived from asymptotic arguments. We first report the 'most likely value' for the strength of associations, which is akin to a point estimate in frequentist approaches. We also report the 95% credible interval (CrI) for the most likely value, which is akin to a confidence interval. We then report a range of centile values for these distributions, along with probabilities quantifying the likelihood of 'no effect or an association in the opposite direction' (Bayesian P-values).
Results
Descriptive statistics
We excluded participants (N = 24) who were missing baseline demographics, or data on recall or depressive symptoms at all time-points. Participants with missing data had higher baseline depressive symptoms. They did not differ on the exposure variable, recall. The final sample comprised 534 participants (96% of total sample) aged between 18 and 76 years (mean 48.4). At baseline, depressive symptoms ranged from 0 to 58 (Figure S1 ). Mean positive and negative words recalled are shown in Table 1 , according to demographic and clinical characteristics. Mean depressive symptoms and recall scores over time are shown in Table 2 . Overall, people remembered more positive than negative words (mean difference 0.72, 95% CI 0.60-0.84, P < 0.001). The results were unaltered when analyses were conducted on a sample with complete data on exposures and outcome at all time-points (N = 393, available on request).
Concurrent associations
Concurrent associations between recall and depressive symptoms are displayed in Table 3 . For every 2-point increase in the number of positive words recalled, BDI scores reduced by around half a point (95% CI À1.0 to À0.15). There was no evidence for an association between recall of negative words and depressive symptoms, except before adjustment for positive recall (Fig. 1) . The association between positive recall and depressive symptoms was not affected by adjustment for confounders (Table 3 ). There was evidence of an interaction between depressive symptoms and valence, so the inverse association between recall and depressive symptoms was stronger for positive than negative words (interaction term after adjustment for confounders: coefficient 0.005, 95% CI 0.0004 to 0.01, P = 0.032).
Antidepressant use
Antidepressant use was stable over time (correlation coefficients ranged from 0.94 to 0.97). Participants taking antidepressants had more severe depressive symptoms (mean difference 4.1, 95% CI À5.6 to À2.7, P < 0.0001) and recalled slightly more positive words (Table 1 ), but this difference was small and weak (coefficient À0.00, 95% CI À0.34 to 0.34, P = 0.993). There was no evidence that associations between recall and depressive symptoms differed according to antidepressant use (interaction term for positive recall and antidepressant use: coefficient À0.31, 95% CI À0.84 to 0.21, P = 0.237; negative words: coefficient 0.56, 95% CI À0.07 to 1.18, P = 0.081). At time one and time two, adjustment for antidepressant use resulted in a slight increase in the strength of the inverse association between positive recall and depressive symptoms (Table S1 ).
Longitudinal associations
The most likely values, credible intervals and probability distributions (2.50-97.50%) are displayed in Table 4 . Models 1 and 2 show expected values for subsequent depressive symptoms, as a function of the previous proportion of positive words recalled (before and after adjustment for confounders). A one standard deviation increase in baseline proportion of positive words recalled (model 1: baseline EP levels) was associated with a reduction in depressive symptoms of 1.09 standard deviations or 15 BDI points (95% CrI À3.04 to 0.85). There was a small probability (only 8%) that this estimated value was 0 (evidence of no association) or greater (evidence that depressive symptoms increased after recall of positive words increased). After adjustment for confounders, the most likely value was slightly attenuated at À0.93 (13 BDI points), the associated errors slightly larger and the resulting credible intervals wider (Table 4 : model 2, Baseline EP levels). For individuals whose recall scores were average at baseline but increased over time, there was weaker evidence of a reduction in depressive symptoms (Table 4 : model 1, EP increase). For a one standard deviation increase in the proportion of positive words recalled from baseline, the average expected BDI score decreased by 0.83 of a standard deviation (12 BDI points). However, uncertainty associated with this estimate was greater (95% CrI À3.59 to 1.82) (Table 4 : model 1, EP increase). These results are depicted in Figure S3 .
In Table 4 , models 3 and 4 show results from the reverse tests, that depressive symptoms occurred before any change in recall. There was no evidence that depressive symptoms were associated with subsequent proportion of positive words recalled. These results are depicted in Figure S4 , which shows that the probability that the association between previous depressive symptoms and subsequent positive recall was equal to or more than zero was 20%.
In summary, when both processes (recall and depressive symptoms) were modelled simultaneously, we found more evidence that positive recall was associated with reductions in subsequent depressive symptoms than the other way around. This was still the case after adjusting for confounders, although there was some attenuation.
Discussion
We found evidence that, as recall of socially rewarding words increased, severity of depressive symptoms decreased, but recall of socially critical words was relatively unaltered. This suggests that depression is characterised by reduced positive or reward processing rather than increased negative or punishment processing. The apparent negativity of depression might therefore result from less positivity rather than increased negativity. In longitudinal analyses we found some evidence, albeit weak, that reduced recall of socially rewarding words preceded depressive symptoms. There was no evidence in the opposite direction, that depressive symptoms or how they changed preceded recall. The longitudinal associations we observed were large, but there was 8% probability that the association was actually zero or going in the opposite direction. However, it is notable that these temporal associations were found in an observational study where changes in depressive symptoms and memory were modest.
Strengths and limitations
To our knowledge, this is the largest study so far to assess automatic emotional processing and depressive symptoms. Our sample included the full range of depressive symptom severity (from no symptoms to many), more likely to reflect that in the community. Unlike previous studies, our sample therefore contained people with no to few symptoms and people with very severe symptoms (e.g. BDI-II score >30). A strength of our approach is that participants with no/few depressive symptoms were recruited from the same population as participants with many symptoms. We therefore think that our comparison between lower and higher severity of depression will lead to more robust conclusions than a case-control design in which those without depression are selected in a different way to those with depression. Our low response rate is a limitation, but we think that the factors influencing selection bias will be similar for the higher and lower scorers, although we of course cannot be certain of this. We also adjusted for several potential confounders which did not alter our findings, and our sample was naturalistic in that people may or may not have been on antidepressants or receiving psychological therapy.
Another strength of our study was the prospective longitudinal design with repeated measures. Repeated measures increase the precision of estimates which, in a cross-sectional study, would be based on a single snapshot in time. Our estimates also took account of any changes in depressive symptoms and recall between the follow-up assessments. Finally, our statistical methods minimised the influence of missing data (we only excluded participants who were missing data at all time-points), acknowledged correlations between repeated measures and compared reciprocal associations.
Our study has several limitations. First, although we recruited a large sample, we had a low response rate. This would affect representativeness and might have introduced a selection bias. However, as our selection of participants did not depend on the exposure, we think it would be unlikely to have biased the association we observed. Representativeness is also less important when studying mechanisms that can be assumed to apply beyond the study sample (35) .
Practice effects are another potential limitation. Even though different words were used at each assessment, after the first assessment, people would have expected the incidental recall task. This may have resulted in increased recall. However, there was no consistent pattern to suggest this had occurred.
We also cannot be sure that our results will extend to other cognitive tasks concerned with reward and punishment. Similarly, we cannot identify whether reduced positive biases are associated with the encoding, storage or retrieval of emotional information. Finally, as with all observational studies, we cannot provide evidence of a causal effect of reduced positive processing on depressive symptoms. Although we adjusted for several potential confounders, which did not alter our association, residual confounding is still a possibility.
Would receipt of treatment confound the observed relationship?
There was no evidence that antidepressants confounded the association. Antidepressants in within-subject experimental studies lead to an increase in positive recall (23) . We found some evidence for this in our study, although it was very weak. Antidepressant use was commoner in those with more depressive symptoms so if this were to confound the relationship, it would have strengthened the negative association rather than resulting in a spurious one (36) . In fact, we did find a slight strengthening of the association when we adjusted for antidepressants.
Information on psychological therapies was unavailable in our sample. The cognitive neuropsychological model proposes that psychological therapies, like antidepressants, increase positive processing (5, 37) . This is supported by two small studies (N < 58) using mindfulness training and mindfulness-based cognitive therapy that reported increased recall for positive information (38, 39) . We would expect that, if psychological therapies were to confound this relationship, the effect would be similar to that of antidepressants. Adjustment for psychological therapies would therefore be expected, if anything, to increase the negative association between positive recall and depressive symptoms (36) .
Our results suggest that the negative information processing observed in people with depression may result more from a reduction in positive than an increase in negative input. If there is less positive information available for retrieval, or a similar amount of positive and negative information (i.e. no positive 'bias'), negative information might be more easily retrieved. This could explain why people with depression often appear to recall negative information (4). Our longitudinal findings suggest that reduced positive recall does not result from depressed people withdrawing from positive experiences and positive information becoming less salient. Instead, our findings suggest that reduced positive processing may precede depression. This is consistent with a smaller longitudinal study, which found that increased positive recall was associated with later reductions in depressive symptoms, with no evidence of an association with negative recall (12) .
Recall of positive over negative information may enhance mental health by providing more positive predictions of future events. For example, if people are more likely to recall positive than negative social interactions, they are more likely to engage in future social interactions (15) . This could result in higher levels of social activity and increased social reward. Short-term recall of socially rewarding information might also lead to the development of more positive longer-term memories about the self. This would increase the amount of socially rewarding information that is available for future recall. Our findings point to the importance of recall of specific rather than overgeneral positive information. This could reduce overgeneral autobiographical memory, which has been identified as a risk factor for depression (40, 41) . Recall of more positive information might also lead to more positive thoughts and emotions, which have been associated with well-being (42) . Increased positive processing may also reduce rumination, which has been associated with depressive symptoms (43, 44) .
Our sample included people who were taking antidepressants and antidepressants have been found to affect positive recall (23) . This effect is seen with serotonin reuptake inhibitors, reboxetine and mirtazapine. However, even though we found that people on antidepressants recalled more positive words, this association was small and weak. The evidence that antidepressants affect recall of positive words arises from experimental designs that studied within subject differences. These designs would provide more precise estimates and reduce confounders. We know of another observational study similar to ours and they also report no evidence for an association between antidepressant use and positive recall (12) .
Our findings are relevant to the observation that antidepressants improve recall of positive socially rewarding words but do not affect recall of negative socially critical words (23) . This effect of antidepressants is the reverse of our observation that people with more depressive symptoms had less positive recall without any evidence for a change in negative recall. Together, these results support the hypothesis that increased positive processing may be one of the mechanisms underlying the treatment effects of antidepressants.
If depression is characterised by reduced positive processing rather than increased negative processing, our findings are, at first sight, at odds with Beck's theory of how CBT works. However, in CBT, patients are encouraged to reappraise events, so CBT could also reinstate the positive bias that is a sign of better mental health. The emphasis on the positive rather than the negative is also a feature of other therapies such as mindfulness, behavioural activation, emotion focused therapy, and acceptance and commitment therapy. Our findings are that people with depression recall less positive information, even if their recall of negative information is unaltered. This suggests that even if a person is unable to modify their negative cognitions, increased positive processing might still improve their depressive symptoms. Clinicians, for example primary care practitioners and therapists, could therefore put more emphasis on encouraging patients to recall positive, socially rewarding information, rather than trying to change negative interpretations of events that have already occurred.
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